Introduction. The influence of maternal body mass index (BMI) on respiratory quotient during pregnancy is not clear. We aim to evaluate longitudinal changes in energy expenditure, respiratory quotient, and substrate oxidation rates in normal and overweight women with uncomplicated pregnancies. We hypothesized that the threshold period in switching from a predominantly carbohydrate to a predominantly lipid metabolism may be different in normal and overweight women. Material and methods. Forty healthy pregnant women were recruited for a prospective cohort study. They were divided into two groups, normal and overweight (BMI <25 kg/m 2 or ≥25 kg/m 2 ). Comparisons of indirect calorimetry data were performed monthly throughout pregnancy. The relationships between energy and substrate metabolism variables and maternal BMI were also analyzed. Results. There was a significant increase in oxygen consumption (VO 2 ), carbon dioxide production (VCO 2 ) and resting energy expenditure during pregnancy in both normal and overweight women. In the normal weight group, respiratory quotient decreased during the second trimester and increased in the last trimester. Respiratory quotient was lower in the overweight group in the second trimester and decreased in the last trimester; between-group differences being significant at 20 and 36 weeks (0.85 AE 0.06 vs. 0.81 AE 0.01, p = 0.009; 0.87 AE 0.05 vs. 0.80 AE 0.03, p = 0.01, respectively). Lipid oxidation was significantly higher in overweight women at both 20 and 36 weeks (36.8 AE 19.7% vs. 55.2 AE 5.6%, p = 0.003 and 33.6 AE 18.2% vs. 59.6 AE 12.7%, p = 0.007, for normal and overweight group, respectively). Conclusion. Prepregnancy maternal BMI influences lipid oxidation rate and respiratory quotient during pregnancy.
Introduction
Maternal metabolism changes during pregnancy to account for the increasing energy demands of the growing fetus. From the metabolic point of view two different periods are clearly defined. The first half of pregnancy is characterized by an anabolic state (storage of energy and nutrients) in which net fat storage and decreased endogenous fat oxidation occur in the mother. However, as pregnancy progresses and the fetal-placental unit rapidly grows, a marked shift in the metabolic pathways is observed, leading to a catabolic state that induces fat mobilization and increased fat oxidation. This later period is characterized by a state of insulin resistance, decreasing the uptake of glucose by maternal tissues and facilitating the supply of glucose towards the growing fetus (1, 2) .
The incidence of obesity during pregnancy is increasing worldwide and is currently considered a chronic inflammatory condition with serious health consequences (3) . Obesity may negatively affect women's reproductive health, from the preconceptional to the postpartum period, and may include irregular menstrual cycles, infertility and increased maternal, fetal and neonatal complications (4) (5) (6) (7) (8) .
Respiratory quotient (RQ) is the ratio of carbon dioxide expired to the amount of oxygen inspired. However, use of different substrates is associated with different oxygen consumption (VO 2 ) and carbon dioxide production (VCO 2 ), and hence RQ (9) . Indeed, the complete oxidation of glucose yields an RQ value of 1.0, 100% fat oxidation an RQ of 0.7, and 100% of protein oxidation an RQ of 0.82. Previous studies have measured RQ during pregnancy. However, none of them did it monthly. On the contrary they only made isolated measurements at some specific weeks of gestation that usually vary from one study to another (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) . The existing evidence supports an increased RQ of varying magnitude in the third trimester of pregnancy, while discrepant results have been reported for the first and second trimesters (20) . There are no previous studies with detailed RQ measurements throughout pregnancy. Moreover, overweight might affect maternal energy metabolism during pregnancy, but the influence of maternal body mass index (BMI) on RQ is incompletely known. In addition, little is known about the proportional contribution of glucose, lipid, and protein oxidation to overall energy metabolism of the overweight mothers.
The objective of this study was to evaluate energy expenditure, RQ and substrate oxidation rates in normal and overweight women by indirect calorimetry throughout uncomplicated pregnancy. We hypothesized that the threshold period in switching from a predominantly carbohydrate to a predominantly lipid metabolism may be different in normal and overweight women.
Material and methods
Forty healthy pregnant women were recruited after attending their first-trimester scan at the University Hospital "Puerta del Mar". They were classified into two groups, normal and overweight, according to prepregnancy BMI. Overweight was defined as BMI ≥25 kg/m 2 and obese women (BMI >30 kg/m 2 ) were also included.
All women were Caucasian and non-smokers. Gestational age was determined by crown-rump length measurements. Written informed consent was obtained from all women after explanation of the protocol and testing procedures. Likewise, the personal data of the women included in the study were protected. The study was approved by the ethical committee of "Puerta del Mar" University Hospital (CEI/11 October 2011) and was in accordance with the Declaration of Helsinki. Exclusion criteria were abnormal karyotype, fetal malformations, multiple pregnancy or maternal diseases, including diabetes or hypertension. Sample size was calculated by using data from a previous pilot study considering lipid oxidation rate in the third trimester as the main outcome variable (48.1 AE 17.9% vs. 29.8 AE 9.8%). A sample of 28 women, 14 in each group, was needed for finding differences between trimesters for an a value of 0.05 and a power (1-b) of 80%. We included 40 women to account for withdrawals.
Women were studied throughout pregnancy and every patient was examined at 4-week intervals from 12 to 36 weeks, within the 12th, 16th, 20th, 24th, 28th, 32nd and 36th weeks of pregnancy. Maternal height was measured at the first visit and prepregnacy weight was obtained from family physicians' records. After an overnight fast period, a 24-h urine collection was drawn immediately preceding the day of indirect calorimetry. Next, while they lay quietly for 30 min, respiratory indirect calorimetry was performed continuously with a ventilated hood system (Vmax Encore©, VIASYS Healthcare GmbH, Hoechberg, Germany) to measure VO 2 and VCO 2 for calculation of carbohydrate and lipid oxidation. The indirect calorimeter was calibrated before each examination according to standard procedures for this machine. Patients should be at rest in the supine position, but not asleep, and should have no skeletal muscle activity during the measurement. For an accurate measurement, it is important to achieve a steady state (usually defined as a single 5-min interval during which the average minute VO 2 and VCO 2 change by <5%) (21). Resting energy expenditure (REE) was calculated by Weir's standard equation (9) where the VO 2 and the VCO 2 were measured
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by indirect calorimetry (excluding the first 10 min of data acquisition) and from the 24-h urinary nitrogen excretion. The RQ and the results of carbohydrate, lipid, and protein oxidation were displayed in software attached to the system. This method of measuring energy metabolism is highly reproducible in our experience, with a coefficient variation of 4.2% for RQ.
Statistical analyses
Statistical analysis was performed using the SPSS 20.0 for Windows (SPSS, Inc., Chicago, IL, USA). Distributions were checked with histograms and the Kolmogorov-Smirnov's test. When a variable was distributed normally, data were presented as mean and standard deviation. In cases of non-normal distribution, data were expressed as median and interquartile range. Qualitative variables were expressed as numbers and percentages. Comparisons were performed using either the Wilcoxon test (signed-rank) or the Friedman test (nonparametric tests for paired data). Comparisons between the two groups were performed by using either the Student's t-test or the MannWhitney U-test (two-tailed) according to the normal or non-normal distributions of the variables. Proportions were compared by using the v 2 and the Fisher's exact tests. The relationship between variables was analyzed using the Pearson's or Spearman's correlation coefficient for parametric or nonparametric data, respectively. Statistical significance was set at the 95% level (p < 0.05).
Results
One of the control women and one of the overweight women did not complete the indirect calorimetry because of technical problems with the equipment and they were excluded from the study. Additionally, one of the control women and two of the overweight women were also excluded from the final analysis because they developed gestational diabetes.
Demographic and clinical characteristics of the 35 studied pregnant women who finally took part in the study are listed in Table 1 . There were only statistical differences between the control (n = 21) and the overweight (n = 14) groups in terms of BMI, maternal weight and gestational weight gain. None of the women finally included in the study had any pregnancy complications and all of them delivered normal healthy infants weighing normally between the 10th and 90th centiles according to gestational age for our population (22) .
In both groups there was significant increase in VO 2 (lean p < 0.001; overweight p = 0.03), VCO 2 (lean p < 0.001; overweight p = 0.02) and REE (lean p < 0.001; overweight p = 0.03) during pregnancy. REE increased from 1378 AE 129 Kcal/day in the first trimester up to 1654 AE 229 Kcal/day in the third trimester in the normal weight group, and from 1729 AE 293 up to 2111 AE 326 Kcal/day in the overweight group (Figure 1) . At the end of pregnancy the percentage of REE over predicted Basal Metabolic Rate (% REE) according to age, sex, weight, and race (Weir's formula) was about 10% higher compared with first trimester in the normal weight group (101 AE 7% vs. 111 AE 14%) and 25% higher in the overweight group (102 AE 7% vs. 127 AE 11%).
In lean women RQ showed the highest value at the beginning of pregnancy, decreased during the second Figure 2) . When analyzing the contribution of substrate oxidation to the overall energy metabolism, for lean women there was a fall in carbohydrate oxidation together with an increase in lipid oxidation throughout pregnancy. The threshold period in switching from a predominantly carbohydrate to a predominantly lipid metabolism occurred between 24 and 28 weeks (intersection between carbohydrate and lipid oxidation rates in Figure 3a) , and a new increase in carbohydrate oxidation and decrease in lipid oxidation took place at the end of the pregnancy. For overweight women, the evolution of energy metabolism was similar. However, compared with the lean group, the rate of lipid oxidation was higher throughout pregnancy; there is a marked metabolic switch since early pregnancy between 12 and 16 weeks (intersection between carbohydrate and lipid oxidation rates in Figure 3b) , and the consumption of lipids increased again at the end of pregnancy.
There were statistically significant differences in carbohydrate and lipid oxidation at 20 and 36 weeks between both groups, with carbohydrate oxidation being lower and lipid Table 2 ). There were significant correlations between prepregnancy maternal BMI and lipid oxidation rate throughout pregnancy (r = 0.46, p = 0.006 at 12 weeks; r = 0.44, p = 0.01 at 16 weeks; r = 0.43, p = 0.01 at 20 weeks; r = 0.38, p = 0.03 at 24 weeks; r = 0.38, p = 0.04 at 28 weeks; r = 0.37, p = 0.04 at 32 weeks and r = 0.64, p < 0.001 at 36 weeks) (Figure 4) . We also found a negative significant correlation between RQ at 36 weeks and pregestational BMI (r = À0.58; p = 0.001) and between RQ and BMI at 36 weeks (r = À0.64; p = 0.001) ( Figure 5 ).
Discussion
The principal findings of the study include the following.
(1) Prepregnancy maternal BMI influences lipid oxidation rates and the RQ during the course of pregnancy. (2) A marked shift in the maternal metabolic pathways occurs at the end of the first trimester of pregnancy in overweight women. (3) These women have a higher lipid oxidation rate during the second and third trimesters of pregnancy than normal weight women and have an even greater increase at the end of pregnancy.
Respiratory indirect calorimetry estimates REE and RQ and identifies which energy substrate is predominantly metabolized at a specific moment. It is based on the indirect measure of the heat expended by nutrients oxidation, which is estimated by monitoring VO 2 and VCO 2 for a certain period of time (21, 23, 24) . It has a high reproducibility and has been considered a reference standard method. However, one of the main limitations of indirect calorimetry during pregnancy is that it evaluates the total of the maternal, placental, and fetal metabolism. Therefore, each component of this unit cannot be studied separately. Hence, the results of our study represent the evolution of the global energy metabolism of pregnant women during pregnancy and not just of the maternal compartment.
We have found gradual, rather than abrupt as suggested before (25, 26) , changes during pregnancy in both groups in VO 2 , VCO 2 , and REE, corresponding with the increasing metabolic demands during human pregnancy. The evolution of RQ during pregnancy showed a similar pattern in both groups, but RQ showed lower values in the overweight group (indicating a predominant lipid metabolism). To our knowledge this is the first study reporting monthly indirect calorimetry measurements and a significant negative correlation between prepregnancy BMI and RQ at the end of pregnancy ( Figure 5 ). According to our results in overweight women, differences in maternal BMI may explain some of the great variability in RQ values that have been found in the literature (20) . Prepregnancy BMI should be taken into account when performing indirect calorimetry determinations. Comparisons between RQ values should be either avoided when important differences in maternal BMI exist or adjusted by this parameter.
In the normal weight group we observed a threshold period in switching from a predominantly carbohydrate to a predominantly lipid metabolism between 24 and 28 weeks (intersection between carbohydrate and lipid oxidation rates in Figure 3a) . However, a new rise in carbohydrate oxidation is present during the third trimester. This finding may be related to the highest glucose requirements and highest carbohydrate oxidation in the rapidly growing fetus, so the mother could preserve glucose for the developing fetus and oxidize predominantly lipids for her own energy metabolism. This issue may increase global carbohydrate oxidation in late pregnancy. In agreement with the rise in carbohydrate oxidation seen in our study, Butte proposed that the higher RQ found in late pregnancy may reflect the obligatory glucose use of the fetus (26) . Similarly, Melzer et al. have proposed that the glucose oxidized by the fetus in utero could represent~10% of the total glucose used by the mother and fetus (20) .
We suggest that in overweight women a marked shift in the maternal metabolic pathways occurs at the beginning of the second trimester of pregnancy, between 12 and 16 weeks, with a rapid increase in lipid oxidation concomitant with a fall in carbohydrate oxidation. To our knowledge this is the first time that this has been reported. This may indicate that the consumption of fat for energy metabolism may be increased much earlier than the third trimester, just when the cell mass of the fetus and the placenta reach a significant volume. Accordingly, insulin responses to oral glucose are also greater in the first trimester than before pregnancy. These observations are consistent with a 120% increase at 12-14 weeks of gestation in the first phase of insulin response, with normal or slightly improved glucose tolerance (26, 27) .
Overweight women have a higher lipid oxidation rate during pregnancy and a marked increase at the end of pregnancy in contrast to the fall in lipid oxidation that occurs in lean women. Interestingly, lipid oxidation rates showed significant correlations with pregestational maternal BMI throughout pregnancy, especially at the end of pregnancy, revealing a great influence in maternal metabolism. Overweight women have more adipose tissue and oxidize more lipids for energy metabolism, so global maternal-fetal metabolism is mainly relying on lipids even during a period when the glucose needs of the fetus are greatest. According to Lain and Catalano (2) , in studies of obese women using hyperinsulinemic-euglycemic clamps, lipolysis predominates in both early and late gestation. These data support an increased insulin resistance in obese as compared with non-obese women even earlier in gestation and are in accordance with our results.
A limitation of this study is that it lacks a control group of nonpregnant women. As an alternative to a nonpregnant control group measured in parallel, a prepregnant baseline would have been very useful, although this is generally difficult to manage in an experimental study in order to complete it over a reasonable period of time. Another alternative would have been to measure the women in the postpregnant, postlactating period, several months after birth, until the women slowly recover a "new" prepregnant stage. However, the excess net body weight retention in the postpartum period may constitute a problem. Furthermore, indirect calorimetry has some other limitations. It is costly, relatively complex, and requires trained personnel for its correct use. The accuracy of the test depends on patient stability, test conditions, instrument function and interruptions. In addition, some women may feel claustrophobic when placed under a canopy. The composition of the food eaten (high vs. low carbohydrate) may also influence the RQ, but we wanted to keep the usual daily intake of food in these women without any rigid dietary intervention. However, the lack of information about dietary macronutrient composition may be a limitation of the study, as a recent review underscores the importance of dietary composition before indirect calorimetry studies in the interpretation of data on substrate use and oxidation (28) .
In conclusion, overweight and obesity may influence RQ during the course of pregnancy. We found differences in energy metabolism throughout pregnancy in normal and overweight women. In overweight women the switch between a predominant carbohydrate or lipid oxidation takes place at the beginning of the second trimester of pregnancy and substrate use remains stable until the end of pregnancy, when the consumption of lipids again rises to account for the metabolic demands of the growing fetus. In women of normal weight, the switch takes place later in pregnancy and the global metabolism at the end of pregnancy is predominantly carbohydrate. This may reflect a higher consumption of fat by the fetus of overweight mothers with possible consequences for metabolic programming in adult life.
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